Rotarod results confirmed that the MA group was the most affected. Overall, our data suggests that a combination of perinatal stress and prenatal MA can have a detrimental effect on maternal behavior as well as on the sensorimotor development of pups. However, MA exposure during pregnancy seems to be the decisive factor for impairment.
Introduction
Methamphetamine (MA) is a very popular, widely used drug in many countries. Statistics show that a high percent of drug addicted women switch to MA after becoming pregnant (Marwick 2000 (Marwick , Šlamberová et al. 2006 . A possible explanation lies in the effects of this powerful psychostimulant and its significant potential for abuse due to feelings of increased energy, euphoria, and suppressed appetite (Marwick 2000 , Kish 2008 . Since MA easily crosses the placental barrier the development of affected fetuses can be impaired (Rokyta et al. 2008 , Rambousek et al. 2014 . A number of previous studies have demonstrated that prenatal application of MA induces delayed sensorimotor development of rat pups (Martin 1975 , Acuff-Smith et al. 1996 , Šlamberová 2012 . Clinical studies have demonstrated decreased weight, length, and head circumference of neonates born to mothers who abused MA during pregnancy (Oro and Dixon 1987, Little et al. 1988) . MA exposure is significantly associated with poor suckling and breastfeeding, reduced sleeping and alertness, less coordinated movements, and increased stress in children (Oro and Dixon 1987 , Little et al. 1988 , Smith et al. 2015 . Moreover, maternal use of MA has also been associated with increased maternal depressive symptoms and parenting stress (Liles et al. 2012) . Thus, the offspring of drug-addictive mothers are often neglected and exposed to neonatal stressors (Larsson et al. 1979 , Šlamberová et al. 2005a , Rokyta et al. 2008 .
Early life experiences, such as child neglect and maternal separation, are associated with impaired neurological development and may lead to various pathologies in adulthood (Daniels et al. 2004 , Marais et al. 2008 , Lajud et al. 2012 . Maternal separation is an animal model that simulates the effects of early life experiences on the hypothalamo-pituitary-adrenal (HPA) axis and behavioral responses (Daniels et al. 2004 , Marais et al. 2008 , Lajud et al. 2012 . Periodic maternal separation is a potent social stressor that can impact and activate the HPA axis response in pups even during the hypo-responsive period (SHRP) that occurs during the first two postnatal weeks (Sapolsky and Meaney 1986, Lajud et al. 2012) . Such exposure to neonatal stress can produce long-term increases in the responsiveness of the HPA axis as well as anxiety, depression, and drug abuse in adulthood (Ladd et al. 1996 , Daniels et al. 2004 . Stressors are usually subdivided to social and physical, with most stressors studied in animals being a mixture of both (Grissom and Bhatnagar 2009) . In the present study, rats were exposed to (1) a social stressor represented by maternal separation, (2) a physical stressor represented by maternal cold-water stress (Drago et al. 1999 (Drago et al. , Šlamberová et al. 2002 , or (3) a combination of the two stressors.
Our previous studies have shown that repeated injection during pregnancy, regardless of substance (MA or saline (SA)), induces long-term impairment of stress responsiveness in adult offspring (Peters 1986 (Peters , Šlamberová et al. 2002 . Moreover, during pregnancy, there is a naturally elevated level of cortisol, which is essential for fetal growth (Charil et al. 2010) . Stress during pregnancy increases the mother's own circulating cortisol and reduces the expression and activity of the glucocorticoid barrier enzyme in the placenta, leaving the fetus less protected (Welberg et al. 2005) . Injections can, therefore, play the role of a prenatal stressor that can affect the development of pups. In our study, this form of prenatal stress was evaluated through the SA-injected/exposed groups.
The present study examines the effect of perinatal maternal stressors combined with exposure to prenatal MA (5 mg/ml/kg) on maternal behavior and development of affected pups. Our working hypothesis was that (1) perinatal stress amplifies the detrimental effects of MA on maternal behavior and (2) this effects the morphological and functional development of offspring. The experimental protocol was derived from our earlier studies (Šlamberová et al. 2005a , Malinová-Ševčíková et al. 2014 .
Methods

Prenatal care
Ninety-six nulliparous adult female, albino Wistar rats (250-300 g) were delivered by Velaz (Prague, Czech Republic) from Charles River Laboratories International, Inc. Females were housed in groups (4 per cage) and left undisturbed for one week in a temperaturecontrolled (22-24 °C) colony room, with food and water ad libitum, on a 12 h light cycle (lights on at 6:00 am). After one week of acclimatization, females were housed overnight with mature males (Šlamberová et al. 2006) . Dams were then randomly assigned to those, who would receive (1) MA (s.c., 1 mg/ml/kg), (2) SA (1 ml/kg), or (3) no drugs/injections (C, controls), during the entire period of gravidity. All females were weighted daily to determine if MA affected weight. On day 20 of gestation, females were placed into maternity cages (1 per cage). The day of delivery was counted as postnatal day (PD) 0.
Postnatal care
On PD 1, litter size was adjusted to 12 pups and the pups were cross-fostered, so that one mother raised 4 pups from MA, 4 pups from SA, and 4 pups from control mothers. For recognition, prenatally MA-exposed pups were intradermally injected with black India ink in the left hind paw, SA-exposed pups in right hind paw; controls were not tattooed. Whenever possible, equal numbers of males and females were raised by each mother. Stress-exposure was conducted once daily, starting on PD 1, until they were weaned on PD 21. Litters were then divided into four groups: controls (N), maternal separation (S), maternal cold-water stress (W), and maternal separation plus maternal cold-water stress (SW).
Social stress
Maternal separation, as a social stressor, was conducted from PD 1-21, for 3 h per day, between 10:00-13:00 am , Lajud et al. 2012 , Holubová et al. 2016 . All pups (from appropriate groups S and SW) were gently removed from their maternity cage and placed in separate cage in other room for 3 h. The cage with pups was always placed on a heating pad to maintain normal body temperature.
Physical stress
Maternal cold-water stress was used as a physical stressor (Drago et al. 1999 (Drago et al. , Šlamberová et al. 2002 . A plastic container (25 x 35 x 40 cm, LWH) was filled with 5 °C water to a depth of 25 cm. Each rat-mother (from appropriate groups W and SW) was placed in the cold water and forced to swim for 5 min. Rats were then towel-dried and placed under a heating lamp until they were mostly dry and then returned to their home cages. The water in the containers was cleaned of released feces after each animal.
Litter characteristics
On PD 1, number of pups and percentage of males and females in each litter was counted and the birth weight was also measured. Weight gain of pups was recorded during the entire lactation period from PD 1 to PD 21. The number of pups in each litter, the percentage of males and females and birth weights were analyzed using a two-way ANOVA (Drug x Sex). A three-way ANOVA (Drug x Postnatal stress x Sex) was used to analyze the weight gain of pups. Bonferroni's test was used for post hoc test comparisons. Differences were considered significant if p<0.05.
Maternal behavior
For this tests, we used the same protocol as that described by Šlamberová et al. 2005a and Malinová-Ševčíková et al. 2014 .
Observational test
Maternal behavior was observed daily for 50 min (between 08:00-09:00 am) in the home cage of each mother and her litter between PD 1 and PD 21. During each session, each mother and her litter were observed 10 times for 5 s at 5 min intervals. Eleven types of activities, exhibited by the mothers, and three variations of nursing positions were recorded during each session (Table 1) . Thus, each mother and litter was observed 210 times (21 days x 10 observations per day). A two-way ANOVA (Drug x Postnatal stress) with Repeated Measure (Days) was used to analyze each maternal activity. Bonferroni's test was used for post hoc test comparisons. Differences were considered significant if p<0.05. Values are means ± SEM. MA = methamphetamine; S = maternal separation; W = maternal cold-water stress; SW = combined stressor. ↑ = increase in activity; ↓ = decrease in activity; 0 = no effect; all compared to non-stressed control group (N).
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Retrieval test
The retrieval test was performed immediately after the observational test. The test was conducted daily PD 1-12 between 09:00-10:00 am. Each mother and litter was tested 12 times. All pups were removed from their mothers and placed in a separate cage for 5 min. The cage with pups was placed on a heating pad to maintain body temperature. After separation, the entire litter was returned to their mother's cage, with the pups scattered around the cage. The mother was then observed for 10 min and the following latencies were measured: 1) time to carry the first pup, 2) time to return the first pup to the nest, and 3) time to return all pups to the nest. Latencies were analyzed using a two-way ANOVA (Drug x Postnatal stress) with Repeated Measure (Days). Bonferroni's test was used for post hoc test comparisons. Differences were considered significant if p<0.05.
Battery of tests of the pups´ development
For this tests, we used the same protocol as that described by Altman and Sudarshan 1975 , and Malinová-Ševčíková et al. 2014 .
Righting reflex on a surface
The righting reflex on a surface was tested daily (PD 1-12) after exposure of postnatal stressors. Each pup was placed on their back and the time it took for the pup to right itself with all four paws on the surface of the testing table was recorded. Times were tested using a three-way ANOVA (Drug x Postnatal stress x Sex) with Repeated Measure (Days). Bonferroni's test was used for post hoc test comparisons. Differences were considered significant if p<0.05.
Negative geotaxis
Negative geotaxis was tested on PD 9. Each pup was placed facing downward on a screen-surface that was tilted at a 30° angle from the horizontal. Each animal was given three trials and the best latency for turning and facing upward was recorded. Latencies were tested using a three-way ANOVA (Drug x Postnatal stress x Sex). Bonferroni's test was used for post hoc test comparisons. Differences were considered significant if p<0.05.
Righting reflex in mid-air
The righting reflex, in mid-air, was tested on PD 17. Each pup was held, ventral side up, 40 cm above a soft pad, then released and its orientation on contacting the soft pad was observed. A score of "1" was given, when the pup contacted the pad with all four paws or "0", for all other orientations. The χ 2 test was used to analyze differences in the righting reflex. Differences were considered significant if p<0.05.
Bar-holding test
The bar-holding test took place on PD 23, and was used to examine vestibular function and sensorimotor coordination involved in the maintenance of balance on a narrow beam. A 40-cm long beam, with a diameter of 1 cm, was suspended 80 cm above a soft surface. The pup was placed on the beam, held by the nape of its neck and its forepaws were allowed to touch the beam. Time of the forepaw / hind paw grasping reflex was recorded with a limit of 120 s. Three consecutive trials were conducted. Times were tested using a three-way ANOVA (Drug x Postnatal stress x Sex) with Repeated Measure (Trials). Bonferroni's post hoc test was used for analysis of ANOVA results. Differences were considered significant if p<0.05.
Rotarod
Rotarod performance was examined on PD 23 to test sensorimotor coordination and dynamic postural reactions necessary to maintain the balance on a rotating cylinder. Pups were placed on a cylinder with a textured surface (11.5 cm in diameter, rotating at a constant speed of 6 rpm) facing in the opposite direction of cylinder rotation, so that walking forward was needed to maintain position. The duration of balance on the rotarod was determined for 120 s. Durations were assessed using a three-way ANOVA (Drug x Postnatal stress x Sex) with Repeated Measure (Trials). Bonferroni's post hoc test was used for comparisons. Differences were considered significant if p<0.05.
Results
Litter characteristics and maturation of the pups
The birth weight in prenatally MA-[F (2,352) = 53.69; p<0.001] and SA-exposed [F (2,352) =53.69; p<0.05] pups was lower than controls regardless of sex (Table 2) . Moreover, MA-exposed pups were significant lighter than the SA-exposed [F (2,352) =53.69; p<0.001]. There were no significant differences in gestation length for any group. The number of pups per litter was also not significantly different among groups. The distribution of males and females in the litters was similar, thus, there were no differences between number of males and females among groups. Values are means ± SEM. N = postnatally non-stressed group; S = maternal separation; W = maternal cold-water stress; SW = combined stressor. * p<0.05; ** p<0.01 significant difference between affected group and controls (N). # p<0.05 significant difference between S and other postnatal groups (W, SW).
Maternal behavior Observation test Nursing
As shown in Table 1 , there were no differences in the active nursing positions among groups of mothers. However, the groups exposed to stress during lactation (i.e. S, W and SW groups) there was a significant increased passive nursing [F (3,82) =19.28; p<0.01] compared to N group. Both types of active nursing, arched and blanket position, decreased whereas passive nursing increased as the postpartum period progressed, regardless of drug treatment or exposure of stressors.
Maternal activities
MA-treated mothers groomed their pups less than SA groups [F (2,79) =4.00; p<0.05] or C [F (2,79) =4.00; p<0.05] during the lactation period, regardless of stress. There were no significant changes in terms of staying in the nest or manipulating the shavings during the sessions. Dams stressed during the lactation period had more contact with their pups [F (3,80) =7.46; p<0.05] (Table 1) . Additionally, all mothers -regardless of their drug or stress treatment -spent less time in the nest and had less contact with their pups (e.g. grooming) as the postpartum period progressed. Occurrences of the mother carrying the pups were too few for statistical analysis.
Nonmaternal activities
The non-stressed mothers (N) spent less time resting with their eyes closed [F (3,82) =13.40; p<0.001] compared to dams exposed to stressors during lactation with respect to prenatal treatment. This effect was observed only in the control group C, i.e. without prenatal treatment [F (2,82) =3.32; p<0.05] (Table 1) . There were no changes in any of the other self-care activities, i.e. eating, drinking, or self-grooming. As the postpartum period progressed, and regardless of treatment, mothers exhibited more eating, drinking, and sleeping. Selfgrooming in all rats fluctuated during postpartum, and was highest during the first half of the lactation period. There were no changes in sniffing or rearing among the groups.
Retrieval test
Stress and drug treatment affected the latency involved in returning all pups to the nest. Specifically, all types of stressors during the lactation period decreased the latency to return all pups to the nest but only in the prenatal control group, i.e. S and SW groups [F (6,81) =4.91; p<0.001] and W group [F (6,81) =4.91; p<0.05] (Fig. 1) . Further, prenatally MA-treated mothers showed increased latency to return all pups to the nest relative to SA-treated dams [F (2,81) =4.01; p<0.05]. There were no significant differences in the latency to carry the first pup or to return the first pup to the nest. 
Battery of tests of the pups' development Righting reflex on surface
As shown in Figure 2 , pups of prenatally MA-exposed mothers were slower to right than controls in the other groups during the first days of testing (PD 1). Specifically, in the postnatal non-stressed group (N), pups of prenatally MA-exposed mothers [F (10,450) =1.57; p<0.05] were slower to right than those in the C and SA groups. In group S, the pups of the MA-[F (10, 702) =3.93; p<0.05] and SA-exposed mothers [F (10,702) =3.93; p<0.01] were slower than controls. Similarly within W group, there were differences between pups of MA [F (10,768) =3.24; p<0.01] and SA-exposed mothers [F (10,768) =3.24; p<0.05] compared to controls. Within the SW group, (i.e. combined stressors) pups of MA-exposed mothers [F (10,630) =2.26; p<0.05] were slower than SA and C pups during the first two days of testing. In addition to the SW group, there were significant differences between pups of MA-exposed mothers [F (10,630) =2.26; p<0.01] and controls on the second day of testing. As with the non-stressed group, pups of MA-exposed mothers were slower to right [F (10,450) =1.57; p<0.05] than controls or the offspring of SA-exposed mothers. There was a decrease in the latency to right as the postnatal period progressed for all groups of animals. Fig. 2 . Righting reflex on PD 1 and PD 2 with significant differences. Values are means ± SEM. C = control; SA = saline; MA = methamphetamine; N = non-stressed controls; S = maternal separation; W = maternal cold-water stress; SW = combined stressor. * p<0.05; ** p<0.01 significant difference between affected groups and controls. # p<0.05 significant difference between the SA and MA group.
Negative geotaxis
There were significant differences between pups of MA-exposed mothers compared to the SA [F (2,356) =8.41; p<0.001] and C [F (2, 356) =8.41; p<0.01] groups, regardless of postnatal stress. Specifically, this effect was observed in prenatal MA females. The female-pups of MA-treated mothers were slower to manage the negative geotaxis test compared to femalepups from SA and C mothers. There were no significant differences among males.
Righting reflex in mid-air
There were no significant differences among prenatally or postnatally groups in righting reflex in mid-air on PD 17. Additionally, no differences between males and females were observed.
Bar-holding test
There were no significant differences among all postnatally stressed groups with regard to the length of time pups remained on the bar, regardless of pup sex or prenatal drug treatment. However, in the first trial, pups of MA-exposed mothers from the non-stressed group N had significantly worse performances [F (6,394) =3.74; p<0.01] compared to pups of MA-exposed mothers with postnatal stress (S, W, SW), again, regardless of sex (Fig. 3) . Fig. 3 . Differences among MA-exposed postnatally stressed and non-stressed groups on the bar-holding test on the first trial. Values are means ± SEM. C = control; SA = saline; MA = methamphetamine; N = non-stressed controls; S = maternal separation; W = maternal cold-water stress; SW = combined stressor. # p<0.05; ## p<0.05 significant difference among postnatally affected groups.
Rotarod
Pups of MA-and SA-exposed mothers spent less time [F (2,383) =5.01; p<0.01] on the rotating cylinder compared to controls, regardless of postnatal stress or sex. All pups, regardless of maternal drug treatment, maternal stress exposure, or pup sex, improved with repeated trials.
Discussion
In the present study, MA-and SA-treated mothers showed no difference in gestation length. This result does not correspond with our previous results where MA-treated mothers had longer gestation periods compared to other groups (Šlamberová et al. 2005a ). However, the data measured regarding the gestation period of MA-treated dams were very inconsistent. Some have reported shorter gestation periods in mothers with chronic administration of MA during pregnancy (Martin 1975 , Martin et al. 1976 . There was no decrease in weight gain during the gestation period and no differences in litter size in any of the tested groups, which is in agreement with our previous study (Šlamberová et al. 2006) .
MA exposure during pregnancy induced lower birth weights compared to controls and SA-exposed pups.
This result supports several preclinical (Martin et al. 1976 , Malinová-Ševčíková et al. 2014 and clinical (Little et al. 1988 , Smith et al. 2006 ) studies involving prenatal MA-exposure and the known anorectic effects of MA (Bittner et al. 1981) . Something new and interesting in our study was with regard to weight gain of pups. Specifically, the postnatal S group gained significantly more weight than the others, regardless of prenatal treatment. One possible explanation could be that decreased plasma leptin levels in rats following maternal separation compared to controls , Smith et al. 2006 , Holubová et al. 2016 , which stimulates the appetite (Friedman 2011). This explanation is supported by maternal behavior in which stressed mothers breast-feed more in the passive position compared to controls, but spend the same amount of time as control in active position breast-feeding, meaning that, overall, the S-pups are breast-fed more often than controls (N-pups). This is in agreement with a study by Mesquita et al. (2007) where feeding time of pups was significantly increased in maternal separation groups, probably to compensate for long maternal absences (Mesquita et al. 2007) . However, even though the W and SW mothers had frequent breast-feedings, their pups gained significantly less weight than the S group. Thus, it is suggested that S488 Holubová et al. Vol. 66 maternal cold-water stress during the lactation period may have adverse effects of breast milk production. Since we did not test milk production and did not monitor food and water intake of pups individually, we will have to unravel this mystery in further experiments.
Increased passive nursing in stressed dams (S, W, SW) correlates with increased maternal activity when stressed mothers were more in contact with their pups. It has been suggested that repeated maternal separation and presumptive lack of breast-milk in the W and SW groups also increase pup activity and causes them to nurse, regardless of prenatal treatment. MA-treated dams engaged in less licking and grooming their pups than the C and SA-treated dams, which is in agreement with our previous studies (Šlamberová et al. 2005a) . Based on the results of the retrieval test, stressed controls (S-C, W-C, SW-C) displayed increased interest in their pups compared to the non-stressed group (N-C). Thus, MA as well as stress (SA) exposure during pregnancy can be decisive factors in impairment of maternal behavior during the lactation period (Šlamberová et al. 2005a) . Furthermore, MA-treated mothers were significantly slower to carry pups back to the nest than the SA-treated groups, which supports the idea that MA-exposure leads to a decline in maternal care and less interest in offsprings (Šlamberová et al. 2005a, Šlamberová et al. 2005b) .
Previous studies have demonstrated the harmful effects of prenatal MA exposure on sensorimotor development of affected progeny (Acuff-Smith et al. 1996 , Malinová-Ševčíková et al. 2014 . In our study, pups of MA-exposed mothers were slower to right during testing of the righting reflex on a surface. Furthermore, prenatal MA exposure has been observed to adversely affect performance on the negative geotaxis and rotarod tests ) and the bar-holding test (Šlamberová et al. 2006 ). The present study was designed to determine whether various perinatal stressors play an important role in the development of affected pups. While maternal MA-exposure delayed the righting reflex regardless of maternal postnatal stressors during the first postnatal days, prenatal stress (i.e. the SA group) had harmful effects only in the postnatally stressed groups (S, W). Thus, it seems that postnatal stressors magnify the negative effect of repeated injections during pregnancy. Other studies have also demonstrated that stress during pregnancy induced long-term impairment of stress responsiveness in adult progeny (Peters 1986 (Peters , Šlamberová et al. 2002 , possibly due to impaired coping with stressful situations (Weinstock et al. 1997) . The impairing effect of prenatal stressors, regardless of postnatal stress, was also observed during rotarod performance on PD 23, showing long-lasting impairment of dynamic postural reactions. This result is consistent with our previous studies (Šlamberová et al. 2006) . Interestingly, prenatally MA-exposed pups that were postnatally stressed often had better results on the bar-holding test than the non-stressed group (N). One possible explanation could be that pups exposed to stress in early life display decreased movement due to increased anxiety-like behavior and decreased exploratory activities (Aisa et al. 2007 , Yang et al. 2017 , which are mediated by the HPA axis and modulated by limbic structures like the hippocampus, prefrontal cortex, and amygdala (Leon Rodriguez and Duenas 2013 ). An examination of anxietylike behavior and exploratory activities in postnatally stressed progeny are planned in our future experiments. Negative geotaxis on PD 9 showed no differences among postnatally stressed groups, which is consistent with a study by Mesquita et al. (2007) , where S-N differences were only maintain until PD 7. The same study might also explain why there were no differences in the mid-air righting reflex test on PD 17, i.e. the effect of neonatal stress disappears by PD 12 (Mesquita et al. 2007 ).
The present study suggests that a combination of maternal postnatal stressors with prenatal stress and drug exposure has detrimental effects on maternal behavior as well as on the sensorimotor development of their pups. However, MA exposure during pregnancy seems to be the decisive factor for those impairments. To our knowledge, there are no studies examining this combination of stressors on maternal behavior and pup development. Since drug-abusing mothers can be less fastidious in their prenatal as well as postnatal care, this could lead to psychological deprivation of their children (Rokyta et al. 2008 , Vavřínková et al. 2001 , and as such this area of investigation deserves further attention. Therefore, we plan future studies to investigate the effect of perinatal stressors on behavior, cognition, and social interaction in the adult progeny of prenatally MA-exposed mothers.
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